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ABSTRACT
A Strain Gage Flour Dough Rheometer was designed and
constructed and used to evaluate some of the rheological charac-
teristics of flour doughs prepared in Brabender Farinograph.
The prototype model had a variable drive mechanism which
rotated a finned drive plate that twisted and compressed a cylin-
der of dough contained in a water jacketed receptacle. The vari-
ous limitations, suchas slippage andadhesiveness, of the proto-
type Rheometer are listed and discussed.
Several minor modifications of the prototype Rheometer
and the reasons for their design are described.
More radical modifications in the basic design of the
Strain Gage Flour Dough Rheometer were made. A stationary
cantilever strain gage plate was designed which is sensitive to
measurements of the resistance of a flour doughs to various types
of shearing force.
Tests were conducted on flour doughs, prepared in the
farinograph made from five commercial flours of known baking
quality, using newly designed plates containing brass pins and
finned bobbin which are attached to the stationary cantilever
sensing plate; twp lucite receptacles, one having brass pins and
the other aluminum crescent fins, were used to contain the dough.
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ABSTRACT
The rheological implications of the torsional forces in-
volved, obtained from each commercial flour are discussed.
Standard farinographic and extensographic as well as protein
analyses were made on the test flours and the data correlated
with the modified Rheometer.
A strain gage modification of the Brabender Farinograph
was attempted; the data indicates a linear correlation with the
values obtained simultaneously from the electrical and mechani-
cal measuring systems. The advantages of the modification
are cited.
Thesis Supervisor: Samuel A. Goldblith
Title: Professor, Acting Head of the
Department of Food Technology
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I. II'~TRODUCTION
1
cereal chemist could further explore the unique characteristics of flour
doughs from a physical approach and supplant the artistry of the baker
with an objective measurement.
During the past seventy years, literally scores of instruments
were designed to measure in one way or another the mystical value which
would assess, without fear of contradiction from the baking test, the
quality of the flour for its intended use. However, relatively few instru-
ments have demonstrated their capability as a supplementary tool for the
baking test. Contrary to common beliefs, empirical, as well as funda-
mental, values have been shown to be useful in roughly predicting the
quality of a flour.
For the most part, the rheometers developed for the testing of
flours employ mechanical principles. Some of these are the lever, the
spring, weights and balances all of which indicate the load or force.
However, with the advent of modern electronic techniques, a new stimulus
has been provided. Electrical input transducers have replaced the more
simple mechanical systems. Electronic systems offer the investigator
more versatility and in many cases, increased sensitivity.
In the area of dough rheology, none of the physi~al testing devices,
with the exception of the watt-meters, employ the newer types of trans-
ducers in stress-strain analyses.
It is the purpose of this thesis to evaluate a Strain Gage Flour
Dough Rheometer developed by the writer, as a means of determining some
aspects of the rheological behavior of flour doughs and to compare the
information derived from the instrument with standard, commercially
available, physical testing equipment.
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In order to understand the physical characteristics of flour dough,
it is neces sary to take into account the nature of the dough which is
formed when flour is mixed with water. The dough can be considered as
characteristic of a hydrated emulsoid exhibiting viscoelastic properties.
This colloidal system resembles a solid in that it has eleastic properties
(dough tends to spring back when the deforming force is removed) and a
liquid in that it will flow (a dough ball will gradually" flatten out).
When a dough is deformed by force, the stretch is partly elastic
and partly plastic, but recovery is not complete once the force is removed.
The elastic deformation will disappear but there will remain a non-
recoverable deformation due to viscous flow. Investigations into the nature
of the physical characteristics of dough have revealed that the elastic
properties are due to the spring-like structure of the protein chains. The
linkages between these protein chains are not equally strong at all points.
On extending, some of them break causing plastic deformation, while
others, which are responsible for the elastic recovery, remain intact.
These alterations have to take place in the presence of a starch-water
mixture. As this mixture, although fluid in character, also possesses
some rigid properties, a complete relaxation of even those protein chains
which are capable of perfect elastic recovery, is made impossible. Flour
dough is an exceedingly complex system and since baking quality is largely
determined by a number of separate physical properties, many methods
have been developed to evaluate baking quality by physical measurements.
These measurements were made on the more simple flour-water sus-
pensions ~ on crude wet gluten washed from the flour and on flour doughs.
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Numerous mechanical dough testing instruments in the majority
of instances, however, do not attempt to analyze dough behavior in terms
of individual physical properties, but ~nly provide measurements in
arbitrary units of a given complex reaction which occurs when a dough is
subjected to certain controlled conditions. Nevertheless, the data afforded
by a number of instruments of this type are capable of being correlated
with various aspects of flour quality. Several of the more commonly used
devices have proven their value in asse'ssing flour strength and playa
substantial role in routine laboratory evaluation.
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II LITERATURE SURVEY
Originally, many investigators regarded the proteins, starches,
lipid's and minerals content of the flour as being the main factor s in
determining the strength of the flour for bread production. Harris and
Sibbitt (1941) reported that differences in starch may affect loaf volume
significantly but the common belief today is to confine the term strength
to a description of the quality and quantity of protein, particularly to the
gluten fraction. Aitken and Geddes (1939) found a linear relationship
between the final loaf volume and protein content with an adequate baking
formula containing potas s ium bromate. The quantity of gluten is now
regarded as the best single indication of flour strength.
Gas production and retention tests have been used as methods of
analyzing the quality of flour. The gas production test serves a useful
purpose because the gassing power of unsupplemented flour may be con-
sidered as an index of the soundness of wheat from which the flour was
milled. High gassing power may indicate sprouted wheat and high levels
of proteolytic and amylolytic enzymes which cause deleterious effects
dur ing fermentation and baking. Gas retention in a fermenting dough is an
important factor because it governs the character of the baked bread.
Some of the devices used to measure gas production and retention are the
Brabender Fermentograph (Brabender, 1934), the Chefaro balance
(Elion, 1939), the S. LA. fermentation recorder (Kent - Jones and Amos,
(1947), and the Chopin Zymotachygraph (Cuendet, et al 1953). In
general, these devices are not in wide use in the large commercial bakeries.
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The physico- chemical evaluation of various flours. are, generally,
simple as well as rapid and exhibit advantages in routine laboratory
testing. However, these methods are not readily interpretable on a
scientific basis sinc~ all of them are essentially empirical and cannot be
expressed in known units. While they do show differences between flours,
frequently it is difficult to correlate these differences with the quality of
-flour for a given purpose.
Many of the early investigators attempted to devise methods based
on simpler physical tests such as the viscosity of dilute aqueous suspensions
of flours. The viscometric procedure using the Mac Michael viscosimeter
(Sharp and Gortner, 1923) was probably the first of such techniques.
Suspensions of strong flours generally have a high viscosity, and the slopes
of the linear curves, obtained by plotting logarithmic viscosity against
concentration, as well as the viscosities themselves, appear to be related
to flour strength. In some cases, especially with soft wheat flours, the
viscosity of suspensions, acidulated with lactic acid, can be used to indicate
whether the flour is suited for a specific type of pastry product. But on
the whole, it is not justified to use the data of viscosity measurements alone
as a measure of baking quality. The determination of the viscosity of flour
suspensiorts has been replaced by rheological tests on dough.
There have also been devised several instruments by means of which
measurements can be made on crude gluten. The expansion of moist crude
gluten when heated, the elasticity, the extensibility, the resistance to ex-
tension and the force required to puncture a ball of purified gluten have been
determined. The interpretation of the data from such measurements must
be made with care, since there is a question as to whether the gluten charac-
teristics are fully retained when the gluten has been removed from the dough
6
by the conventional washing processes. Also, it is highly doubt.ful whether
the rheological behavior of the gluten alone is sufficiently representative
of the condition of the dough, since dough properties are also determined
by other factors such as starch, flour constituents and water content.
The present interest in physical tests which involve mechanical
manipulation of dough is partly due to the importance of knowing the dough
handling properties. These have special significanc.e when the flour is to
be used in bakeries where the dough is handled almost wholly by machines.
The percentage absorption is used to designate the amount of water
which is mixed with a given weight of flour in making a dough. Part of this
water is absorbed on the surfaces of the starch granules and the protein
particles or molecules and part remains as free water. Absorption is the
term us ed by baker s to des ignate the total water.
The amount of water used in mixing a dough assumes primary
importance in making physical tests because the plastic, viscous and to a
considerable extent the elastic properties depend on the amount of free
water which covers the protein network and the starch granules and determine
the viscous and plastic properties. Since protein has more surface in
proportion to mass than starch, more water will be required to make a
dough of a desired consistency with high protein in comparison with low
protein flour.
The variation of baking absorption with the protein content has been
demonstrated by Bayfield, Working and Harris (1941). The absorptions
increase with the increase in protein content, but not to the same extent
in the different varieties, nor is the rate of change as great with the low
protein flour s as with the high. This indicates a curvilinear relationship.
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There is, at the present time, probably no determination which is on a
less satisfactory basis than absorption of water by flour.
yarious methods have been employed to determine the accuracy
of absorption. Using the" feel" of the dough is the method of practical
bakers and often of those who make test bakes in the laboratory. While
great skill can be attained by such artistical methods, there is always
the problem of variability between different persons- and from time to time
with the same person. In the bakeries the problem is not so serious
because the flours are usually within a narrow range of variability and the
mills which supply these flours can give advance information on a particular
lot based on their own laboratory tests. Moreover, the baker uses his
experience as a guide. Serious problems sometimes occur however J when
the baker changes to another type of flour or flour from a new crop. How-
ever in the bakery J slight variations in absorptions will not be as serious
as in making physical tests to determine intrinsic quality because the
skilled baker can readily make compensating adjustments. In making those
phys ical te sts on dough which involve the plastic, vis cous and elastic
properties, absorption assumes fundamental importance because the results
of these measurements are influenced by the ratio of water to dry substances
in the dough. Most of the physical methods which have been devised and
used for measuring consistency of dough as influenced by absorption are
also methods which involve the measurement of the plastic, viscous and
sometimes the elastic properties. Thus the methods which determine
proper absorption on the basis 'of consistency also involve these other
physical properties. For this reason the methods of measuring absorption
and consistency have to be considered jointly with the others. Since the
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three physical properties are influenced by the amount of water used in
mixing the dough, it has been always necessary to include, in the data,
the ratios of water to dry matter or the absorption. The absorptions
thus used may not always be those desired for bread baking since they
may be purposely varied to try the influence of the flour-water ratio on
anyone specific property or characteristic.
For measuring plastic and viscous properties, several forms of
plastometers have been used. These devices can be classified into two
main types: (l) those which measure the amount of dough extruded through
an orifice in a given time and (2) those which measure the depth of
penetration into dough by a rod, sphere or cylinder impinging on the dough
with a given force. Various kinds of plastometers such as the Stamberg-
Bailey Plastometer (Stamberg and Bailey 1940) Bohn- Bailey Stress meter,
(Bohn and Bailey 1936) as well as other instruments us ed for making
physical tests on dough are described by Bailey (1940).
The devices for testing physical properties of dough mentioned
thus far yield results obtained at one particular stage of mechanical
development. Of the various instruments now generally used for commercial
evaluation of flour, two types may be distinquished: (1) the recording dough
mixers, such as the Hankoczy- Brabender Farinograph and the Swanson-
Working Recording Dough Mixer; (2) apparatus for measuring the ex-
tensibility and the resistance to extension such as the Chopin Extensimeter
or Alveograph, the Brabender Extensograph and the Halton Extensometer.
These instruments, which are mainly empirical in principle, measure a
complex interaction of several factors. An interpretation of the measure-
ments in terms of definite physical constants is therefore very difficult
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and often impossible. Nevertheless, they have proved to be valuable since
they afford data which have a real meaning in relation to dough behavior.
and which can be correlated with various aspects of flour quality.
The recording dough mixers are designed to give a'moving picture
of the mechanical development of the dough from the time water starts
to hydrate the flour, through complete mechanical development, down to
mechanical breakdown of the dough. The curves represent the resultants
of the plastic, viscous and elastic properties of dough. The Brabender
Farinograph is one of the most widely used physical dough testing instru-
ments and measures plasticity and mobility of dough. The farinograph is
a type of slow mixer in which the gentle mixing action can take place at a
fairly uniform temperature because of the water jacketed b(;:n.yl. The two
helical sigmoid mixer blades rotate toward each other and are geared with
a differential of 3:2. The force required to turn the blades at constant
speed through a dough is measured with a dynamometer which is influenced
by the varying resistance of the dough to mixing blades and is indicated
on a kymograph chart and visual scale. It was originally developed by
Hankoczy, a Hungarian investigator.. A more complete description of this
machine can be found in papers published by Brabender (1932, 1934), etc.
Kent-Jones and Amos (1947), and Greup and Hintzer (1953).
Munz and Brabender (1941) have stated that water absorption capacity,
general strength, shortness and mixing sensitivity could be determined
from the farinograms. Geddes and co-workers (1940) concluded that the
farinograph could be used as an important supplement to other quality tests
but is not itself adequate to evaluate strength. This latter statement now
represents the present consensus among cereal chemists. The widest use
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of this instrument is in detern1ining flour absorption. Near and. Sullivan
(1935) found differences of less than 0.510 absorption between duplicate
samples. run on the same day and on different days using the 580 B. U.
(stands for Brabender Units; in C.G.S. system 580 B. u. ~epresents
580 grams-meter torque) for optimum consistency. These absorption
values agreed within 110 with those determined by a baker. One objection
to using the farinograph to determine absorption has' been that consistency
determined on the instrument is not always the desirable consistency at
the .end of fermentation since some doughs tighten while others slacken
during fermentation.
Aitken and Geddes (1939) studied the relation between the strength
of flours and protein content enriched by increments of protein gluten,
and found that both dough development and absorption were increased by
raising the protein content.
Geddes et al (1940) noted a positive correlation between dough
development time and protein content while curve consistency decrease
was negatively correlated. They observed that there were correlations
between certain curve measurements and loaf volume which were inde-
pendent of protein content. The break time of the farinograph (elapsed time
before the curve shows a definite break downward) was more closely
correlated with loaf volume than with protein content.
The tolerance of a flour to mixing and machining is indicated by
the period in which the minimum dough mobility is maintained. The drop
in cons istency from the 500 B. U. line after 20 minutes of mixing has been
considered by many as an indication of mixing tolerance ~ut usually the
decrease in consistency some 5 minutes after the peak of the curve has
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been reached, is referred to as the mixing tolerance index and is a
reciprocal function of tolerance.
The utility of the farinogram appears to be largely one of providing
acces sory information on such properties as absorption, optimum mixing
time and mixing tolerance. Information provided by the farinograph can
be a guide to treating flour in the bakery only if the correlations of factors
involved are known. Thus, the farinograph can be used to estimate the
absorption and mixing requirement of flour, provided the neces sary
correlations have been established previously.
The Swanson-Working Dough Mixer, or commonly known as the
Mixograph, was designed by Swanson and Working (1933) as a miniature
high speed pull-fold-repull type of mixer which consists of a vertical
cylinder having four fixed vertical pins at the bottom and is open at the
top. A head piece which also contains four vertical pins, is lowered into
the cylinder and is the moving section. The dough is held back by the fixed
pins while the upper pins continuously stretch and fold. The resistance
offered to the complex movement of the upper pins revolving through the
dough is automatically recorded. This instrument measures the rate of
dough development, the duration of resistance against mechanical action.
and the rate and extent of increase in dough mobility as a result of
mechanical action.
Johnson, Swanson, and Bayfield (1943) related the mixogram
characteristics to baking and found the height, width, weakening angle
and area of the curve correlated with protein content and loaf volume.
However, mixogram characteristics tend to reflect baking strength of
flour mainly because of high correlation between loaf volume and protein
12
content on the one hand and protein content and mixograrn characteristics
on the other.
Morris et al (1944) pointed out that the area under the mixogram
expressed the gluten strength of each flour sample.
Yamazaki (1947) demonstrated a corr elation between the area of
the mixogram and the distance from the baseline to the center of the band
at the point of minimum mobility plus the height from the baseline to the
center of the band at the seven - minute point. The relationship was
linear and resembled a regression line.
The mixograph indicates the mixing requirements, mixing tolerance
and varietal pattern, which can be us ed in the bake shop as valuable
supplementary information if properly applied.
Sibbitt et al (1953) investigated the relation of the values obtained
from the mixograph and farinograph and baking quality. They found the
farinograph to be more sensitive to variation in mixing requirements but
both instruments provided equally useful information.
A device similar to the mixograph has been described by Malloch
(1938, 1939) but has not been used to any great extent.
The mixatron (Selman, 1949) is an electronic in.strument designed
to measure and automatically record the consistency of dough duri'ng the
mixing operation in large commercial mixers. The dough consistency
is expressed in arbitrary units which are related to the amount of current
used in mixing. It is useful in commercial bakeries to control uniformity
of doughs and to assist bakers in mixing doughs to their optimum strength.
Halton and Scott- Blair (1937) constructed an exte.ns imeter which
can determine the behavior of a strand of dough 0.7 cm. in diameter and
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ten em. long while under stress .. This piece is obtained by forcing a
properly prepared dough through the aperture of a dough gun. This
dough piece is floated on a mercury or fluorocarbon bath. The ends of
the dough are held by means of clamps to which are attach~d fine wires
and graduated scales, so arranged that the piece can be subjected to any
stress desired either variable or constant~ The plastic and elastic behavior,
in stretching or under constant stress, is observed ~y low power micro-
scopes. In this way, the elongation of the dough piece can be observed
without permanent deformation, and determination made of the point at
which permanent deformation began and the force required in relation
to the cross section of the dough piece. From this method, the viscosities
and elastic moduli can be determined and in turn, the degree of influence
which these exert on the baking quality of the dough. It must. be pointed
out that these properties are not constant but depend upon the magnitudes
of the stress and strain, water content, age and temperature of the dough.
The authors indicate from their findings that for a good quality loaf of
bread, the dough should possess a high viscosity (high viscosity-modulus
ratio) when it is made with a quantity of water which give a suitable elastic
modulus. The fall tn viscosity with increasing stress (structural viscosity)
should not be large in magnitude and the effect of increasing the water
absorption and fermentation time of the dough should be small. For the
first time, a lucid insight was made into the physical properties for dough
from a bas ic and fundamental aspect.
Bohn and Bailey (1936) (1937) modified the method of Halton and
Scott-Blair, By means of a II stress balance", they noted the stress decay
pattern of stretched dough. However, instead of being able to determine
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an index of baking quality, the only significant results showed a fair
correlation between the stress readings and the mixing tolerance.
The Brabender Extensograph, first described by Kuhlmann (1936)
al~o measures the extensibility of a dough and resistance to extension
by applying a force to a cylinder of dough until it ruptures. The dough
to be tested is prepared in a farinograph after which it is rounded and
molded mechanically into a form of a cylinder and supported by a special
holder and clamps. The dough cylinder is stretched out extended by a
motorized hook; the force exerted is transferred through a system of
levers to a stylus which records the force on a strip chart.
Among the more important reactions which have an effect on the
extensibility and resistance to extension of the dough are oxidation and
reduction.
The extensograph was designed as a companion instrument to the
farinograph and has been used widely. The curves are produced from
flour-water- salt mixtures, since fermenting doughs produce erratic
results. The characteristics of flour obtained from extensograms are
summarized by Munz and Brabender (1941). The reproducibility and
modification of the technique in determining the behavi"or of doughs has
been reported by Aitken et al (1944).
Johnson et al (1946) reported experiments relating extensogram
charoacteristics to flour type. It was found generally, that flour having
good to excellent strength used for bread production showed greater
resistance to extension and exhibited a larger curve area than the softer
cake and pastry flours. Extensibility, resistance to extension, and the
curve area correlated with protein content.
15
A new method of evaluating extensograms was introduced by
Dempster et aJ. (1952) (1953). The measurement selected.as the basis
of this method was the resistance to extension, or load supported by the
dough, not at the maximum, but at a constant extens ion of'the dough
sample; the rationale being that only loads supported by the dough referred
to the same extension reflect the intrinsic properties of the dough.
The development of a new method of evaluating the extensogram
load at constant sample extension set the stage for a further development,
namely the derivation of the structural relaxation curve from extensograms.
It is common knowledge that the physical properties of freshly mixed
flour water dough are different from those of the same dough allowed to
rest. The freshly mixed dough is said to be tighter, or in an excited or
activated condition. The dough is thus a dynamic system in which subtle
changes continue to take place for some time after the dough has been
worked. These changes exhibit the relaxation of the dough and may be
considered as the unwinding of the dough from its strained structure to
a more stable or relaxed structure.
The development of the structural relaxation method is considered
by many as a big step in describing the physical behavio,r of doughs in
terms of fundamental chemistry and physics.
The Chopin Extensimeter or Alveograph (1927) is an instrument
which measures the extensibility and resistance to extension of a thin
strip or sheet of dough; the underlying principle being the imitation of
the three dimensional processes which flour dough undergoes in actual
bread making, i. e. the formation of thin membranes fr0I"? a compact
viscoelastic structure. The ability of the dough membrane to gaseous
16
expansion is of importance during fermentation and baking for bread
volume and ultimate structure of the baked product. The thin sheet of
dough is extended into a bubble by the pressure exerted by a carefully
controlled flow of air. The pressure is continued until the dough bubble
is ruptured. The changes in air pressure during the test are recorded
automatically.
The Alveograph has not been popular in the United States but is
cons idered as a reliable inde~ of flour quality by many foreign chemists.
Kent-Jones and Geddes (1936) found this device to be a valuable aid in
predicting the baking quality. Bennett and Coppock (1952) have described
a new technique by which it is possible to use the alveograph for detecting
the effect of improver s on flour. Hill et al (1951) made a simplified
modification of the extensimeter which gave information on' g-luten quality
and degree of maturity of break flour not obtainable by present means.
Bailey and LeVesconte (1924) studied the factors involved in
dough extensibility, using the alveograph and they concluded strength or
baking value could be obtained.
Aitken et al (1944) reported the effect of protein content and wheat
grade on farinograms, extensograms and alveograms.' They found that
all machines demonstrated differences among various dough samples,
but the extensograph and alveograph did not always agree on which samples
were similar.
Anderson and co-workers (1952) (1953) have reported two models
of an instrument used for the continuous recording of the relaxation of
stresses in stretched dough. The curves have been shown to be reproducible
and the effect of various factors influencing the curves have been studied.
17
Relaxation studies using these models have been investigated only in a
limited way. A theoretical basis for relaxation under external tension
is still being developed.
It should be apparent that several dough testing machines can be
used to provide excellent supplementary information to the baking test,
and when used with some reservation and within their limitation, can
indicate or predict dough characteristic s in the comrnerc ial bakery.
Prior to World War II, several independent investigator s
developed a means of measuring stress-strain systems. This input
transducer, called the SR-4 bonded wire resistance type strain gage,
operates on the principle that the electrical resistance of the gage varies
directly with strain. It has the ability to measure precisely static as
well as dynamic strains, and in order to make us e of its extreme
sensitivity, it must be connected to a bridge-type resistance circuit,
namely the Wheatstone bridge.
The first use of the SR-4 strain gage as the primary sensing
element in determining the stress - strain relationship in a food- stuff was
a Strain Gage Denture Tenderometer developed in these laboratories
(1955). This instrument is capable of translating the forces involved
during the masticatory cycle into four basic characteristics commonly
associated with foods in subjective evaluations. This instrument has been
used to determine the crumb structure of various breads, cakes and
biscuits. From the values obtained from this unit, more complex
automatic devices for measurement of the degree of maturity of peas and
corn,using essentially similar electronic systems, have been constructed.
18
The bonded-wire resistance strain gage has demonstrated its
utility in rheometers designed to measure the rheological behavior
of various foodstuffs, thus opening new avenues of research in the
field of physical testing of foodstuffs.
19
III. MECHANICAL AND ELECTRICAL DESIGN
A. STRAIN GAGE FLOUR DOUGH RHEOMETER
The original Strain Gage Flour Dough Rheometer was designed
by Dr. S. Davison. The prototype will be described first along with
the modifications by the author.
The essential components of the instrument are:
1. the dough r ec eptacle,
2. the driving mechanism
3. the electrical system (see Fig. l)
1. The dough receptacle: a water jacketed cylindrical aluminum
compartment for holding a constant volume of flour dough at a fairly
uniform temperature. The base of the compartment is an aluminum drive
plate resembling a piston which is attached to the drive shaft. Six small
radial fins on the surface are primarily used for engaging the dough
during the mechanical action of the drive plate. A similarly finned plate,
called the stationary plate, forms the top of the receptacle and is attached
to three helical springs which permit the plate to keep a constant tension
on the dough and also allows for the expans ion during the compres sion
phase of the mechanical action. (see Fig. l)
2. The Driving Mechanism: the mechanical drive assembly
employs a variable speed reductor drive and motor which drives a
recurrent reversirig mechanism (oscillatory action) by a screw motion with
a variable pitch; a shaft coming directly off this motion provides the
20
Figure 1. Photograph of Prototype Rheometer
21
upward thrust and rotation of the drive plate. The vertical thrust and
angular rotation of the drive plate can be increased to a maximum or
decreased to zero by two concentric cams with variable radii each
governing a separate action. Hand operation of the drive plate is made
possible by disengaging the coupling to the worm gear, from the variable
speed reductor drive.
3. The Electrical System: directly under the drive plate are,
cemented on a small depression on the shaft, two SR-4 S-18 strain gages.
Disposition of the strain gages on the shaft for sensing only torsional
strains was done in the following manner: a) the metal was conditioned
by roughing the surface with very fine emory paper and cleansing of the
oil film by acetone; b) application of a liberal amount of Duco cement
and placing the strain gages at a 45 degree angles to the longitudinal
axis of the shaft or 90 degrees in relation to each other; c) application
of a compressive force and allowing to dry for 24 hours, after which
they are coated with wax and covered by a micarta collar slotted for the
leads to come through.
Each strain gage makes up one leg of the Wheat,stone bridge.
(Figs. 2 and 3) The remaining legs are precision wire wound resistors
and are located in the amplifier chas s is. An auxiliary null- balanc ing
circuit is incorporated in the bridge. The output of bridge is fed directly
to an A-C amplifier (the power for the entire electrical circuit is
provided by a modified commercially available A-C power supply) where
it is amplified and fed directly into the vertical input of a cathode- ray
oscilloscope.
22
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A differential transformer is attached directly to the vertical
thrust mechanism which acts as a position transducer indicating the
penetration of the drive plate throughout an oscillatory cycle. The
voltage output of the position transducer is fed directly to the horizontal
axis of the oscilloscope.
The force-penetration trace on the face of the oscilloscope is
photographed by a Polaroid- Land canlera, the picture serving as a
permanent record.
B. MODIFICATIONS IN PROTOTYPE AND EQUIPlv1ENT
As with most instruments in the initial stages of development,
the author found that sonle refinements in the existing des~gn became
necessary along with rnodifications in the basic concepts which opened
new avenues of research.
1. WH'IG FINNED BRASS DRIVE PLATE
In order to minimize slippage of dough on the surface of the drive
plate with six radial fins, three large horizontal and three wing fins,
equally spaced, was designed and constructed. A closer tolerance
between the drive plate and the walls of the receptacle was also achieved
along with a larger collar for attachment of the plate to the shaft.
(Fig. 4)
2. CANTILEVER SENSING CELL
The need for a nl0re sensitive systenl. proved to be necessary because
of inherent difficulties with the prototype. To a flat alulninum disk with
a collar for attachment to the drive shaft, two cantilever arms were bolted
25
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parallel to each other; the fixed ends diametrically opposite to one another.
Adjacent to the fixed end of each arm are mounted four SR-4 A-7 strain
gages, one on each side; two for measuring compression and the re-
maining two measuring tension. If the top and bottom strain gages are
activated by a force being placed at the free end, the top gage will be in
a state of compression while the bottom gage will be in tension. A side-
ward force will have little or no effect on the top arid bottom gages.
However, any force exerted on the side of the cantilever will activate the
gages cemented to the sides of the bar. A flanged coverplate is bolted
on a raised surface of each free end of the cantilevers. If .the coverplate
is rotated, the s ide gages are activated. If a load is placed on top of the
coverplate, the top and bottom gages of each cantilever are activated.
Hence, it can be seen that during the compressing and twisting of the
dough in the Strain Gage Flour Dough Rheometer, two different sets of
strain gages are activated independently, one measuring the force due to
compression whereas the other measuring the torsional stresses.
(Fig .. 5)
Four radial fins, positioned 90 degrees to each other, are bolted
to the surface of the coverplate. Three sets of fins, 0..500, 0.625 and
0.750 inches in height, were made for the stationary plate as well as the
coverplate, thus enabling the investigator to interchange different sized
fins to determine which arrangelnent provided the minimum slippage of
the dough dur ing the twist ing action. (Fig. 6 )
The new load cell, which is mounted on the driveshaft, was free
to rotate and travel upward inside the water-jacketed aluminum cylinder.
27
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For reasons which will be mentioned later, the cantilever sensing
cell was removed from the drive shaft and placed where the stationary
plate was originally. The three springs were replaced by one large
spring which flexed as the dough was being compressed. The cell was
attached to a square stock shaft which fits into a square insert preventing
the whole cell from rotating; only the coverplate is free to rotate.
A finned plate is attached to the drive shaft .. The shaft was rein-
forced after the old strain gages were removed.
3. TWIN CHANNEL D-C AMPLIFIER AND POWER
SUPPLY
Because of the increased electrical needs imposed by the new
sensing cell, a new electronic system was designed.
The A- C amplifier and power supply was replaced with a twin
channel high gain amplifier and power supply constructed in the laboratory.
Each channel has its own half of the Wheatstone bridge, (the gages com-
pris ing the other half balancing circuit and amplification stages, each
receiving power from a 0- 300 VDC, 60 ma. power supply. The output
of each channel is fed directly to the cathode ray oscilloscope, either in
the x or y axis or both. ( Figs. 7 and 8)
If only one channel is used, which is often the case, a position
transducer attached to the mechanical drive shaft, supplies the information
of the position of the drive plate during its travel up and down. This is
done by means of a voltage dividing potentiometer, driving the signal
across the x axis of the oscilloscope.
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4. NEW STATIONARY CANTILEVER SENSING SYSTEM
From information obtained from the previous modifications, a
more versatile and sensitive sensing system was designed and constructed
which represents the present system of the instrument. (Figs. 9 and 10)
The water- jacketed cylinder, drive and stationary pla,tes were removed.
A rectangular aluminum plate is suspended and fixed over the
drive shaft by four steel columns. To this plate are bolted two brass
blocks, equidistant from the longitudinal axis of the drive shaft. One
end of the aluminum cantilever arm is attached to the bras s blocks, the
other end remains free from the top plate. Two SR-4 CD-7 strain gages
are cemented to each arm adjacent to the fixed end; the free ends of
the cantilever arms are bolted to a circular aluminum plate which has
provision for attaching various kinds of plungers and pin assemblies by
means of set screws. Any force which will rotate this plate will activate
the strain gages. The two compression are connected in series forming
one leg of the Wheatstone bridge; the tension gages are similarly connected
and make up the adjacent leg of the bridge.
5. VERTICAL PINS AND CUP ASSEMBLY-CUP No.5
AND PLATE No.5.
A bakelite plate which is fastened to the upper circular plate has
four brass pins arranged in a straight line and comprises the stationary
pin assembly.
A bakelite drive plate having four vertical brass pins arranged in
a diamond pattern was constructed. The wall of the receptacle is made
33
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of plexiglas s.
The entire cup assembly rests on a brass holder which is attached
to the drive shaft; the cup is held in place by three set screws. (Figs. 11
and 12)
The variable thrust mechanism was disconnected. This facilitates
the raising or lowering of the cup manually, for cleaning. Since there is
no longer an upward thrust of the cup but only rotation, a block of wood
under a ball bearing located at the other end of the drive shaft, holds the
rotating cup in a proper relation with the stationary plate dur ing the
operation of the instrument. On completion of the test, the block of wood
is slipped out, thus allowing the drive shaft and cup assembly to lower.
Because of this arrangement, the cup and pin assembly can be removed
without disturbing the cantilever sensing section.
6. NEW OUTPUT TRANSDUCER
The cathode ray oscilloscope and twin channel amplifiers
and power supply were replaced with a Wheatstone bridge balancing
circuit and a Houston HR 93 XY recorder. Each leg of the Wheatstone
bridge is 1000 ohms and the bridge is balanced by a 25 turn Borg helipot
across the output of the bridge. (see Fig. 13) The output of the bridge is
fed directly to the input of Y axis of the XY Recorder.
The X axis is connected by a millivolt input supplied by a Houston
Time base axis which can be varied and sweeps the pen across the chart
at a predetermined speed.
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7. FINNED CUP AND BOBBIN SYSTEM No.6
The aluminum bobbin or plunger consists of three equidistant
fins which taper and meet at the bottom forming a blunt end. The
center of the plunger is hollow and is used for temperature regulation.
This bobbin is attached to the top plate by three set screws thus enabling
its removal for cleaning. (see Fig. 14)
The cup consists of plexiglass walls and three equidistant crescent
aluminum fins which meet at the base to form the floor of the cup. The
cup can be placed on the bras s holder and locked during the mechanical
operation of the instrument. (s ee Fig. 15)
C. STRAIN GAGE MODIFICATION OF THE BRABENDER FARINOGRAPH
The simultaneous evaluation of the mechanical dynamometer
against an electrical input transducer, was attempted. A strain gage
sensing plate was designed and constructed to determine the torsional
stres ses during the mixing operation in the Farinograph both on the
mechanical kymograph and XY recorder. The sensing plate employs a
similar cantilever princ iple as found in the Strain Gage Flour Dough
Rheometer. (see Figs. 16, 17 and 18)
The sensing plate consists of an aluminum disk .to which is
attached two cantilever arms. On each arm is attached two SR-4, CD-7;
500 ohm strain gages, one mounted for compression and one for tension.
One end of the arm is fastened in a depression at the periphery; this
becomes the fixed end of the cantilever. The opposite end which is raised
40
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above the aluminum disk. The strain gages are located at the fixed
end and record the forces placed on the floating end.
A flexible coupling, presently found between the gearbox and
the dynamometer, corrects for any misalignment of the shafts from the
blades and the dynamometer, thus reducing to a minimum any extraneous
frictional forces. One half of the coupling remains intact, i. e. the side
attached to the shaft coming directly from the dynamometer. The other
half of the coupling is replaced by the strain gage sensing plate. In
effect, nothing has been disturbed, spatially or structurally, other than
to insert the new coupling.
The floating ends of the cantilever arms fit into the slotted micarta
insert located between the coupling. As the motor turns during mixing,
the increase or decrease in resistance of the dough to the rotating
blades, causes the cantilever to flex, more or less, depending on the
torsional forces. The bending of the cantilever causes the strain gages
to distort thus changing their electrical properties.
The compression gagE are connected in series as are the tension
gages and each group make up one leg of the Wheatstone bridge. The
lead wire from each side of the gages pass through the aluminum disk and
are soldered to one of three brass slip rings. Three concentric brass
rings imbedded in bakelite are located on the opposite side of the sensing
plate. The compres s ion gages are attached to the outermost ring; the
tension gages connected to the middle ring and the common end to the
innermost ring.
A stationary brush for each brass ring 1S attached to a micarta
plate w4ich in turn is bolted to the gear box. Lead wires from the
46
brushes connect directly to the other half of the Wheatstone bridge.
The electrical circuit is demonstrated in Fig. 19. A fifteen
hundred microfarad, 15 VDC capacitor was placed across the input of
the recorder permitting an effective dampening of the signal, without
decreasing the sensitivity of the systert:l appreciably. Otherwise the
electronic portion of this system is the same for the present modified
Strain Gage Flour Dough Rheometer.
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IV. EXPERIMENTAL PROCEDURE FOR EVALUATION OF THE
STRAIN GAGE FLOUR DOUGH RHEOMETER
Before a specific flour is tested in the Strain Gage Dough Rheometer,
a complete profile of the flour is made using the Brabender Farinograph;
specifically, the optimum water absorption, the maximum development
time and the'mixing tolerance index. Also, the protein content is deter-
mined by the Kjeldahl method. A complete procedure for these two tests
can be found in the Appendix.
The flour dough is prepared in the Brabender Farinograph for a
specified water absorption and mixing time; this varies depending on the
condition of the dough desired. Once the mixing is finished, the dough is
allowed to relax for two minutes, whereupon, the bowl is removed care-
fully. The dough is lightly dusted with flour to insure ease of handling and
is removed from the blades by cutting with scissors being careful not to
stretch or work the gluten .
The dough is weighed directly in the tared receptacle. The amount
of dough used with cups No. 5 and 6 is 325 grams. The cup is placed on
the brass drive plate and is locked into place where the dough will remain
for an additional five minute relaxation period.
The spatial relationship of the pins on the sensing plate to the pins
in the cup No.5 and the fins of the bobbin and cup No.6 is important. In
the case of the plate having the vertical pins, the pins are set parallel to
the plane of the cantilever arms. The pins in the cup cl9sest to the longi-
tudinal axis of the dri ve shaft are lined parallel to the upper pins. With
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the bobbin system, one fin is lined parallel to cantilever arms ,and the
crescent fins in cup No.6 are positioned opposite to the fins of the
bobbin.
The position of drive shaft is manually set at the beginning of
one oscillatory cycle. The gear transmission .is engaged and the instrument
is ready to be turned on. The degree of angular rotation and speed of
rotation, previously determined by measurement of the arc and revolu-
tions of the motor per minutE., are controlled by the concentric cam which
varies the pitch of the screw motion and belt length off the variable speed
r eductor dr ive, r e specti vel y.
In the case of the various electronic portions of the Strain Gage
Dough Rheometer, a D-C voltage, either from a dry cell or a storage
battery, is applied across the Wheatstone bridge. The power supply to
either the twin channel amplifier or the XY recorder is allowed to warm
up for at least one hour. The cathode ray oscilloscope and the Houston
Time- base axis are usually turned on one half hour before operation.
,After sufficient warm-up time, the Wheatstone bridge is balanced
to null by the balancing potentiometer. The output of the bridge is indi-
cated by a Weston microammeter (10-0-10 ua). This i~ actually the
coarse adjustment. For finer balancing, the voltage across the bridge
is turned on and off and manipulating the helipot until there'\-B.Szero travel
of the dot on the Y axis of the oscilloscope or the pen on the XY recorder.
Before any flour dough is tested in the Rheometer, the fir st of
two daily calibration takes place. This is accomplished by applying a
known torque to the pins, or fins and observing and recording the response
of the gages. This is done either by photographing the trace on the face of
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the oscilloscope by the Polaroid Land camera or on the line drawn on
the graph paper by the pen of the XY Recorder. The applied torques
are 10, 15, 20, and 25 inch pounds and is usually performed in triplicate.
I .
The device used to apply known torques is the Torquometer with a
specially constructed aluminum head to grip the fins or pins. The second
calibration is used as a spot check to determine whether any amplifier
drift or voltage decrease has occurred during the daily operation. If the
two calibration figures are not the same, then the data must be discarded
since there is no way of extrapolating or correcting the errors produced
by electronic difficulties.
The running time of each experiment varies but is clocked by a
stopwatch. At the end of each run, both the top plate and the cup are
unfastened, washed and dried and ready for the next experiment. Care is
taken not to scratch any of the surfaces during the cleansing since these
may introduce another variable. The surfaces of the pins, fins, bakelite
and plexiglas should be, for all intents and purposes, completely smooth .
. The operatingproced'ure of the Brabender Extensograph may be
found in the Appendix. Most of methodlogy is standard with a few exceptions
which are noted.
The experimental procedure used for the operation of the strain
gage plate attached to the mechanical coupling of the farinograph is similar
to the Strain Gage Flour Dough Rheometer. Instead of balancing to null
with zero load, the bridge is balanced while the farinograph blades are
rotating in an empty bowl. This is done for two reasons, namely, to
cancel out the forces involved in rotating the blades, this is also performed
on the mechanical portion of the dynamometer and is described in the
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Appendix, and more important, when the motor is turned off, a. slight
force continues to activate the strain gages due to the inherent design
of the system. This force gradually dissipates with time. However, if
the operator is not careful, a true null is not obtained in balancing the
bridge when the farinograph is not running. Consequently, balancing to
null while the blades are turning, only the torsional stresses on the
mixer blades by the dough is recorded.
In preparing the flour dough for the older dough receptacles, the
procedure is similar to the previously mentioned method in that the dough
is prepared in the farinograph. However, the dough weighed on a balance
and rounded and then placed into the water-jacketed compartment. The
amount of dough used was 175 grams.
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V. EXPERIMENTAL DATA
A. PROTOTYPE STRAIN GAGE FLOUR DOUGH RHEOMETER
EXPERIMENTS
The early investigations using the prototype model (Fig. I)
were made with four flours, each exhibiting different baking charac-
teristics depending on their intended use. The preliminary farino-
graphic profile of the flours is demonstrated in Table 1. An expla-
nation of the terms used to describe or characterize a flour from the
farinogram can be found in the Appendix.
Flour doughs were first prepared in the farinograph using the
appropriate amount of water so that the consistency of the dough at
the maximum development time is 500 B. U. The total time of mixing
of the flour doughs varied from the time required to reach the maxi-
mum development of the dough to five and fifteen minutes overmixing.
The consistency of the dough tested in the Prototype Rheometer is
presented in Table II for each mixing time.
Dough pieces from the farinograph, each weighing 150 grams
were tested in the prototype model in order to determine the torsional
forces involved in twisting. The angular rotation of the drive plate
for all experiments was 3600• The results of the experiments obtained
for a speed of 12.5 r.p.m. rotation of the drive plate is.presented in
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TABLE I
MIXING CHARACTERISTICS OF FOUR FLOURS
USING THE FARINOGRAPH
Water Maximum Mixing
Flour Absorption Development time Tolerance Index
0/0 Min. B.U.
Washburn's 65. 1 7.0 15
Gold Medal
White Flyer 63.6 5.5 30
Softasilk 59.2 3.0 30
Golden Feather 59.2 2.5 70
Note: The first two flours listed are standard patent hard winter
wheat flours used primarily for the production of bread;
Softasilk, a soft wheat flour is used mainly in cake manu-
factur e, and Golden Feather, also a soft wheat flour, is used
extensively for pastry doughs.
54
Table II. Measurements of the torsional forces at a drive plate rotation
velocity of 35 c. p. m. is demonstrated in Table III.
The maximum deflection data found in Tables II and III represent
the maximum reaction force and occurs at the close of the first half of
the oscillatory cycle; recorded as millimeters height on the Y axis of
the photographed trace and converted to inch-pounds torque by means
of a calibration curve found in the Figure 20. The midpoint deflection
data found in Tables II and III represents the torsional forces in twisting
the dough while the drive plate is midway in its vertical travel during
the first half of the cycle. The temperature of the jacketed receptacle
was maintained at 300 C throughout the experiments.
In order to prove the effectiveness of the stationary and drive
plates in gripping the dough during the twisting cycle, red ink was
car.efully applied to the surfaces of the drive plate fins and allowed to
dry. After on cycle of twisting, the dough was cautiously stripped away
from the drive plate. General streaking was evident throughout; more
than could be contributed to permeation of the ink. Also, on the periphery
of the dough ball, sheared fragments of dough were observed.
During the multicyclic operation of the Rheometer which was made
to determine whether the overall characteristics of the flour dough
changed with time and working, small fragments of dough were observed
between the drive plate and the walls of the receptacle. This squeezing
of the dough into the space s above the stationary plate as well as below
the drive plate onto the lead cable from the strain gages was observed
after approximately one minute operation. Continued operation of the
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TABLE 11
TORSION FORCES IN TWISTING FLOUR DOUGHSUSING THE PROTOTYPE
MODEL OF THE STRAIN GAGE FLOUR DOUGH RHEOMETER.
Angular Rotation - 3600 Speed of Rotation - 12.5 r ..p. m.
Washburn's White Golden
Flour Gold Medal Flyer Softasilk Feather
Consistency of flour 500.0 500.0 500.0 500.0
dough mixed to the
Max. Deve!.' Time
(B. U. )
Maximum Deflection 8.5 9.0 10.5 10.5
In.-lbs.
Midpoint Deflection 7.0 7.5 9.5 8.5
"In. - lbs.
Consistency of flour 485.0 470.0 470 . .0 430.0
dough mixed for 5 min.
after the Max. Deve!.
Time is reat:hed (B. U. )
Maximum Deflection 8.0 9.5 13.0 14.0
In. -lbs.
Midpoint Deflection 7.0 7.0 10.0 8.0
In. -lbs.
Consistency of flour 450.0 440.0 410.0 370.0
dough mixed for 15 min.
after Max. Deve!. Time
is reached .. (B. U. )
Maximum Deflection 11..5 11.5 13.0 7.0
In. -lbs.
Midpoint Deflection 8.0 8.5 10.0 7.0
In. - lbs.
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TABLE III
TORSION FORCES IN TWISTING FLOUR DOUGHSUSING THE PROTYPE
MODEL OF THE STRAIN GAGE FLOUR DOUGHRHEOMETER.
Angular Rotation - 3600 Speed of Rotation - 35 r.p.m.
Washburn's White Golden
Flour Gold Medal Flyer Softasilk Feather
Cons istency of flour 500.0 500.0 500.0 500.0
dough niixed to the
Max. Deve!. Time
(B. U. )
Maximum Deflection 15.5 14.0 16.5 15.0
In. - lbs.
Midpoint Deflection 12.0 12.5 14.5 13.5
In. - lbs.
Consistency of flour 485.0 470.0 470.0 430.0
Dough mixed for five
minutes after the Max.
DeveL Time is reached
(B.U.)
Maximum Deflection 15'.0 16. 5 21.5 21.0
In. - lbs.
Midpoint Deflection 14.5 14.5 18.5 13.5
In. - lbs.
Cons istency of flour 450.0 440.0 A10.0 370.0
dough mixed for 15
minutes after Max.
Devel. Time is reached.
(B.U.)
Maximum Deflection 20.0 19. 0 20.0 15.0
In. - 1bs.
Midpoint Deflection 16. 5 16.5 18.0 12.5
In. - lbs.
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instrument caused the hardening of a thin film of dough on the sides of
the receptacle due to the heat generated by friction. Accumulation of
dough around the springs in the upper chamber was noticed after five
minutes of continued cycling.
B. MODIFICA TIONS OF THE STRAIN GAGE DOUGH RHEOMETER
1. Wing Fi~ed Brass Drive Plate
From the observations made 'with the prototype model, an
attempt was made to correct slippage and escape of the dough from the
compartment. A brass plate (see Fig. 4) composed of three large
horizontal fins and three wing fins was constructed and attached to the
drive shaft. A plastic coating was sprayed on the surface of the plate.
and walls of the r ec eptacle.
It was observed from subsequent experimentation, that flour
dough prepared in the farinograph behaved similarly to the first set of
conditions previously mentioned.
Calibration of the output signal against an applied torque indicated
nonlinearity at the higher torque values. However at the lower range of
the curve, the output of the electrical system appeared to be linear. The
A- C amplifier originally built for the prototype model appeared to be
operating in a range which was not suitable for the' system.
2. Cantilever Sensing Cell
The first significant attempt to modify the prototype model of the
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Strain Gage Flour Dough Rheometer was the removal of the strain gages
from directly under the drive plate assembly in order to prevent continued
damage to the transducers and to the main body of the shaft which had
become seriously weakened by the depressions for the st~ain gages. The.
shaft was straightened and reinforced. The stationary and drive plates
were removed and the dough receptacle rebored to remove the roughened
areas caused by the scoring of the drive plate.
The cantilever sens ing plate shown in Fig. 4 and 5 fixed to the
driveshaft; the finned plate attached to the free ends of the cantilevers
and the finned stationary plate was connected to the upper spring assembly.
The millivolt output of the strain gages and the high gain two channel
amplifiers for a given applied torque is demonstrated in Table IV.
a. Tests with Cantilever Sensinj:! Cell
Flour doughs using Washburn's Gold Medal and Softasilk flours
were prepared in the farinograph; the amount of water used corresponding
to the optimum water absorption previously determined and presented in
Table I.an0. the time of mixing corresponding to the time to reach maximum
development of the dough. The data describing the consistency of the dough
is presented in Table V. Samples of dough weighing 150 grams were used
in the Rheometer. The resultant tor sional forces were photographed and
the height of the trace measured in millimeters was converted to inch-
pounds torque from the calibration curve No.2 found in the Appendix. The
data is demonstrated in Table V.
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TABLE IV
STRAIN GAGE SENSING CELL CALIBRATION DATA - APPLIED
TORQUE vs. MAXIMUM DEFLECTION FOR VARIOUS.VOLTAGES
APPLIED ACROSS THE WHEATSTONE BRIDGE
Applied Torque
"Y" deflection photographed from
cathode ray oscilloscope
3 volt bridge 6 volt bridge
(centimeter s) (centimeter s)
5 0.4 0.8
6 0.5 1.0
8 0.7 1.2
9 0.8 1.4
10 0.9 1.6
12 1.0 1.9
14 1.2 2.2
15 1.3 2.4
20 1.7 3.2
22 1.9 3.5
25 2. 1 3.9
28 2.3 4.5
30 2.5 4.8
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TABLE V
TORSIONAL FORCES DETERMINED BY STRAIN GAGE SENSING CELL
MODIFIED STRAIN GAGE FLOUR DOUGH RHEOMETER
Angular Rotation - 3600 Speed of Rotation 12.5 c. p. m.
Flour
Consistency of flour
dough mixed to the
maximum devel. time
(B. U.)
Maximum Deflection
In. - lbs.
Consistency of flour
dough mixed 5 minutes
after maximum devel.
time reached
(B. U.)
Maximum Deflecfion
(In. - lbs.
Consistency of flour
dough mixed 15
minutes after maximum
devel. time reached
(B.U.)
Maximum Deflection
(In. - lbs.)
Washburn's
Gold Medal
500
14
485
11
450
9
62
Softasilk
500
11
470
10
410
5
3. New Stationary Cantilever Sensing System - Vertical
Pin and Cup Assembly (Cup No.5 and Plate No.5)
a. Determination of the Farinographic Profile and
Nitrogen Content of Five Test Flours
The initial determinations of the optimum water absorption,
maximum development time and mixing tolerance index of a number of
different commercial flours were determine using the farinograph and
are presented in Table VI. The protein content of each flour was
determined by the standard Kjeldahl Method for cereals, and is presented
in Table VI.
b. Tests using the Vertical Pin and Cup Assembly-Cup
and Plate No.5
The following series of tests were made on flour doughs
prepared in the farinograph from the commercial brands of flours listed
in"Table VI; all doughs were prepared at their optimum water absorption.
Samples of dough from the fa"rinograph, weighing 325 grams, were tested
in the new stationary cantilever sens ing unit to which was attached cup
and plate assembly No.5. (see Figs 9,10,11,12)
i. Doughs mixed to their maximum development time
in the farinograph were tested in the modified Rheometer; the controlled
settings for angular rotation were 3600 and shaft rotation speeds of 15,
20, 25 and 30 c. p. m. The family of curves for the Washburn Special flour
at the varied rates of shear is presented in Figure 21; for White Flyer and
King Arthur All Purpose flours the data are plotted in Figures 22 and 23
respectively.
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ii. Flour doughs made from the commerc ial. flour I s
listed in Table VI mixed in the farinograph to the maximum development
time were tested in the Modified Rheometer set at 3600 angular rotation
and shaft rotational velocities of 15 and 25 c. p. m. A comparison of the
rheograms obtained from the Rheometer for the five flour doughs subjected
to shaft rotational velocity of 15 c. p. m. are demonstrated in Figure 24.
For the higher rotational speeds, the data obtained is demonstrated in
Figure 25.
Hi. Flour doughs made from Washburn Spec ial and
White Flyer flours, and prepared in the farinograph with mixing times
of 2, 4, 6, 8, 10 ~d 15 minutes were tested in the Rheometer, the
angular rotation being 3600 and a shaft rotational speed of 25 c. p. m. The
data obtained from each Rheogram was plotted and the curves for the
Washburn Special flour is presented in Figure 26; the curves for the
White Flyer flour are shown in Figure 27.
iv. Flour doughs prepared in the farinograph from
White Flyer flour were tested in the Rheometer, the operating conditions
being, angular rotation of 1800 and a shaft rotational speed of 15, 30 and
45 c. p. m. The plotted data obtained is presented in Figure 28.
4. New Stationary Cantilever Sensing System - Finned
Cup and Bobbin System No.6
Flour dough made from Washburn Special and White Flyer were
prepared in the farinograph; the dough containing water for optimum water.
absorption and mixed to its maximum development point. Samples of the
dough, weighing 350 grams, were tested in the Rheometer; the finned
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cup and bobbin No.6 being employed. (see Fig. 14, and 15)
a. Determination of Force-time Rheograms
The data obtained from the Rheometer for the doughs Washburn
Special prepared in the farinograph was plotted and is demonstrated in
Figure 29; Figure 30 represents the plotted data for doughs made from
White Flyer flour.
b. Determination of Force-time Rheograms on
Relaxed Doughs
Flour doughs made from Washburn Special and White Flyer
flours, prepared in the farinograph were relaxed in the finned cup for
15, 30 and 45 minutes after mixing; the humidity and temperature were
controlled by storing the dough in a walk-in incubator held at 30°C. The
duration of the mechanical action at the specified times was 1 minute
whereupon the worked dough was placed back into the incubator for
su.bsequent testing. The values obtained for the two flours is presented
in Figure 31.
C. STRAIN GAGE MODIFICATION OF THE BRABENDER
FARINOGRAPH
1. Determination of the Farinogram Curve Using the Modified.
Sens ing Plate
A preliminary evaluation of the mixing characteristics was done
on flour doughs using a strain gage cantilever sensing plate attached to
the flexible coupling of the farinograph. The force-time" curves obtained
from Washburn Special, White Flyer, Continental No. 3300 and No. 643
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flour doughs made with varied water absorption using the strain gage
plate is re.presented in Figs. 32, 33, 34 and 35 respectively. The
farinograms simultaneously recorded for the above flours is shown in Fig. 36.
The combined data obtained from the farinograms plotted against the values
from the strain gage sens ing system is demonstrated in Fig. 37.
2. Tests on Extension of the Time Base
In order to determine the force-time curve during the early
stages of mixing particularly in the initial hydration of the flour, the
s elector switch of the Houston Time Bas e Unit which controls the pen
travel on the X axis, is set so that the maximum 7 inch pen excursion
represents 2 minutes. After the 2 minute period, the reset-was activated
returning the pen to zero and once again scanning for 2 more minutes;
the total loss of time in resetting is less than 5 seconds. The data obtained
from flour doughs prepared in the ~arinograph from Washburn Special
and White Flyer at different water absorptions is presented in Figure 38.
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VI. RESULTS AND DISCUSSION
A. PROTOTYPE MODEL OF THE STRAIN GAGE FLOUR
DOUGH RHEOMETER
From the data demonstrated in Tables II and III, it can be seen
that the hard winter wheat flour s which should have the higher fore e
requirements to twist the dough cylinder scored the lowest in many
of the tests, particularly when the dough was mixed to the maximum
development time. The soft wheat flour s, on the other hand, appeared
to indicate somewhat higher tor sional forces throughout the tests.
This is contrary to the expected values based on the values of consistency
obtained from the farinograph which is a measure of the resistance of
the dough to the mixer blades during mixing. Another factor to be
considered is the protein content of the softer flours. For soft wheat
flour the amount of protein is significantly less than the standard patent
flours, thus further complicating the interpretation of the data obtained
from the prototype model of the Strain Gage Flour Dough Rheometer.
The peculiar reversal of the data from the expected values for
the different flours was similar in the flour dough mixed 5 minutes after
the maximum development time had been reached. Also, instead of
a decreased force for twisting the dough, it increased for all flours
regardless of the consistency values indicated by the farinograph. For
the flour dough mixed for 15 minutes after the maximum development time
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had been reached, the softer wheat flours scored lower than the pre' AS
tests and lower than the hard winter wheat flours. The forces involv:::1
in twisting dough made from the Washburn Gold Medal and White Flyer
flours, both standard patent bread flours, are higher than would be ex-
pected from theoretical cons iderations. The effect of increas ing the
rotational velocity resulted in only increasing the magnitude of the response
but not the trend.
In order to understand these aberrations from the expected trend,
a look into the rheological behavior of flour doughs from past experience
must be made. The effect of overmixing of hard wheat flour is les s
pronounced than a softer wheat flour. The mixing tolerance index of a
flour determined from the farinogram is an indication the strength of the. -
protein 5 minutes after the maximum development time is reached.
For hard flours, any slight overmixing which may occur, does not seri-
ously damage the gluten; for ideal bread flours, the mixing tolerance
index is generally less than 30 B. U. and often approaches zero. However,
for softer wheat flours, the effect of overmixing becomes much more
critical and in many cases, a few minutes over mixing can often damage
the gluten to a point where subsequent fermentation or relaxation of the
dough is not sufficient for restoring the protein to its proper state for
baking.
Extending the period of overmixing for 15 minutes after the
maximum development time has been reached causes further extensive
damage to the protein of the flour dough. For some of the harder winter
wheat flours, prolonged overmixing has little or no effect on the strength
of gluten for the 20 minute duration in the farinograph although for the
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commonly used standard patent flours, extensive overmixing can be
detrimental to obtaining a high volume loaf of bread. Extending over-
mixing of the softer wheat flours generally leads to a completely
irreversible damage of the gluten; the dough cannot be used for any
type of baked product. Thus, the reason for choosing the three
different dough mixing times in evaluating the twisting characteristics
of a flour dough becomes evident. However, if one tries to correlate
the values obtained from the prototype Rheometer shown in Tables II
and III, with the theoretical state of the protein in a flour dough, it is
not difficult to see the obvious discrepancies. It became evident from
these results, that another factor may be responsible; one which was not
controlled and varied with mixing time.
It has been found that as one mixes flour and water in a farinograph
or any commercial mixer, the dough first assumes a. crumbly dull form;
with continued mixing up to the maximum development, the dough, assumes
a smooth silky appearance which pulls off the walls of the mixer clearly.
In large commercial mixers, this phenomenon is called" cleanup" by
the industry and usually indicates the completion of mixing. It is at this
point that <1: flour dough exhibits maximum elasticity, and cohesiveness
and minimum viscosity.
Empirically, it has been found in the laboratory that as one
continues to mix the dough past the maximum development time, the dough
decreases in cohesiveness and incr.eases in adhesiveness or as it is more
~ommonly known, tackiness. With hard winter wheat flours, the dough
becomes increasingly tacky with time, the rate being dependent on the
flour used, but in general, the adhesiveness- does not increase rapidly.
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In the case of softer wheat flours, such as cake and pastry flours, the
adhesiveness increases at a much faster rate.
There appears to be a point where the viscosity of the dough
increases sharply with extensive mixing; for all intents and purposes
the elasticity of the gluten approaches zero. The gluten at this point
is overdeveloped and irreversibly damaged. With doughs made from the
softer wheat flours, this point is reached rapidly a.fter the maximum
development of the gluten. In the case of the stronger wheats, the time to
reach this point is much longer and in many flours is never seen during
the customary twenty minute mixing operation in the farinograph.
Handling of the dough at various times after the maximum
development time had been reached, led the investigator to become
acutely aware of this problematic factor in determining the torsional forces
in twisting a particular flour dough in the prototype model of the Strain
Gage Flour Dough Rheometer. If one considers the effect of the tackiness
of a flour dough, then this would explain the differences in the values
obtained from the expected theoretical pattern. Depending on the state
of the gluten in terms of the elastic component and the viscosity of the
dough, the adhesiveness appears to interfere with the measurement of the
torsional forces. The strain gages register the combined effects of
twisting the dough cylinder relative to the fixed end and the pulling and
ripping of the dough off the sides of the receptacle. The summation of
forces due to all factors appear to have no obvious advantage in assessing
the rheological quality of the dough since under the present conditions
.no effective separation of the determinants can be effected.
The measurement of the tackiness factor of a flour dough may
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have some significance in the whole picture of the rheology of flour doughs
but further pursuance using the prototype model to determine a particular
characteristic of dough was questionable from other considerations.
The reasons which subsequently led to the basic modifications in
the mechanical and electrical design of the instrument are not solely based
on the aforementioned problems.
One of the basic assumptions originally made in employing this
type of mechanical system was the constancy of the dough cylinder volume,
i.e. the dough ball' conforming to a cylindrical shape and maintained at
a constant volume throughout the operation of twisting.
Another as sumption made was full contact and gripping of the dough
during the twisting operation. The fin arrangement was des igned to prevent
this occurrence. However, depending on the tackines s of the dough, ther e
appeared to be a reasonable doubt as to the effectiveness of the stationary
and drive plates to grip the dough based on the conclusions drawn from the
ink test and visual observations of the conditions of the dough at both ends
of the cylinder.
Dough fragments escaping between the finned plates and the recepta-
cle wall reduced the volume of the dough cylinder during the continued
cycling of the drive plate. Variations in the quantity of dough introduces
an error since the volume of dough is critical. The film of dough adhering
the wall of the receptacle offered additional resistance to the edges of the
drive plate; the forces involved in shearing the film of dough can signifi-
cantly affect the torsional forces being determined during the, twisting
of the dough cylinder. The energy due to frictional forces introduced during
the continued rotation of the drive plate appears to cause the layer of dough
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to harden somewhat thus offering more resistance to the drive plate.
This leakage of dough also occurred in the stationary plate section
partially preventing the proper plate movement during the compression
of the dough. With the accumulation of the dough in the s.pace over
the stationary plate, the efficiency of the springs in applying the adeqb.ate
tension on the dough cylinder was decreased. Thus the proof of the
first assumption seems to be questionable particularly during repeated
cycling of the instrument. However, for one cycle operation, this may
not be a problem.
B. MODIFICATIONS OF STRAIN GAGE FLOUR DOUGH
RHEOMETER
From the observations made with the prototype model of the
Strain Gage Flour Dough Rheometer, an attempt was made to correct
at least partially, one of the major problems, namely slippage of the
dough on the plates and shearing acros s the fins.
A brass plate was constructed having larger and thicker
horizontal fins and incorporating wing fins spaced individually between
two horizontal fins, the hope being that the problem of'slippage would
be overcome, by presenting a larger surface area for engaging the dough.
Also, closer tolerances between the wall and drive plate were obtained
by increasing the diameter of the plate and reboring the receptacle which
was prompted by the previous scoring of the aluminum; application of
a thin plastic coating was done to reduce the effects of adhesiveness on
all surfaces. Brass was chosen to take advantage of the reduced scoring
problem associated with the use of two dissimilar metals. No
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attempt was made to change the stationary plate assembly since there
was no guarantee that the new plate would improve matters.
It was evident from subsequent experimentation, that despite
the slightly increased gripping action of the brass wing finned plate,
the same aformentioned problems occurred indicating the need for
radical revis ion of the entire system.
It also became apparent, that the position of the input transducer
should be changed since the lead wires from the gages were continually
being broken. Also, the location of the strain gages in the depressions
directly under the drive plate seriously weakened the shaft; the sensi-
tivity of the strain gages to torsional strains on the shaft was decreased.
Coupled with this occurrence, was the realization of the inadequacy of
the amplifier. In order to obtain an apprec iable signal outp~t, the
amplifier had to be set at its maximum operating conditions thus bordering
on the nonlinear portion of the tube s. For high torque values; the
calibration,curve became somewhat sigmoid at the upper end, thus indi-
cating nonlinearity of response which seriously affects the sensitivity
of the output of the strain gages. However at low torque values, the
output appeared to be linear, but lowering the sensitivity range was not
possible to obtain the higher torque values.
Consequen~ly, the need for a new sensing cell was evident along
with the construction of a high gain amplifier and power supply permitting
higher sensitivity ranges enabling the investigator to work at more
suitable operating conditions without impairing the basic compression and
rotating action on the flour dough for the evaluation of a rheological
characteristic of the dough.
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There was considerable doubt as to the feas ibility of replacing
the drive mechanism with a larger and stronger steel shaft and mounting
strain gages directly under the drive plate incorporating protective
measures to insure against further damage. Use of the SR-4; A-IS
gages on thicker shafts would have further reduced the sensitivity of the
system. More sensitive strain gages could possibly have increased the
output but a completely new transducer arrangement appeared to be the
more suitable approach.
One of the most basic measurements which can be made with
electrical strain gages is that of the strain or deformation of a cantilever
beam obtained from the application of a stress. The bending moments
cause a change in the electrical properties of the strain gages; the
resistance change is directly proportional to the load and i's linear
provided the elastic limit of the metal is not exceeded. From elementary
mechanics it is known that the strain is maximum for any given load at
the root of the beam adjacent to the point of support. This is the point
at which the strain gages were placed in order to secure the maximum
electrical output for a particular load on the beam. The strain gages
cemented to each side of cantilever arm indicated tensile strains on one
side and a theoretically equal compressive strain on the other parallel
gage. With the tensile strain gage mounted on one leg of the Wheatstone
bridge and the compressive gage on the adjacent leg, two significant gains
were achieved:
1. the .electrical output of the Wheatstone bridge was
twice what it would have been for one gage alone
for a given beam load
2. both gages were automatically temperature-
compensated;
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thermal variations in the resistance of the two gages were mut~ally
cancelled.
The SR-4; A-7 strain gages were selected instead of the A-18
type because of the higher" gage factor". The dimensionless relation-
ship between the change in gage resistance and change in length or
strain of the gages is called the II gage factor II and is mathematically
expressed as F = Ll.R~RD.L L where Rand L repres ent the initial
conditions while D.R + D.L are the small changes in res istanc"e and length
which occ;:ur as the result of straining the metal to which it is bonded.
The IIgage factor II of a strain gage is a measure of the amount of
resistance change and is thus an index of strain sensitivity of the gage.
The higher the gage factor, the more sensitive the gage and the greater
the electrical output for indication or recording purposes, other
variables remaining the same.
The voltage range which can be applied across the Wheatstone
bridge, made up of fixed resistors and A-7 gages, is 0 - 7.5. In using
two sets of tensile and compression gages, the voltage range can be
increased to a 15 volt maximum, with no over-heating of the gages.
The cantilever sensing cell, (see Fig. 5 and 6) designed by the
author, incorporates the simplicity of. the strain gage cantilever beam
plus the increased sensitivity associated with strain gages having a
higher II gage factor II • The cover-plate, which is fixed to the free ends
of the dual cantilevers, completely encloses the strain gage arms
protecting them from contamination by the dough. Any force which rotates
the cover-plate activating the gages mounted on the sides of the cantilever
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can be considered as a torsional force despite the fact that the load
causes tensile and compressive strains or bending moments of the
sensing arms. If one consfders the sen~ing cell as a solid circular
shaft having some finite dimensions and if an equal and opposite torque
or twisting moment is applied to the cover-plate, there will be shearing
stresses on the cross-section of the plate. On the circular cross-section,
the shearing stress is zero at the center and of maximum intensity
at the outer edge; between these points the unit stress is proportional
to the distance from the center. Hence, the rotation of the cover-plate
caused by the resistance of the flour dough is a measure of the torsional
forces involved in twisting a cylinder of dough.
The high gain twin. amplifiers and power supply, (see Fig. 7 and 8)
designed and constructed in the laboratory appeared to be adequate for
the magnitude of forces involved.
From the data obtained using the strain gage cantilever sensing
cell, there appeared a need for modifying the entire drive plate and
receptacle portion of the Strain Gage Flour Dough Rheometer. The
ma~imum deflection values presented in Tables IV and V demonstrated
a correlation with the consistency values obtained froID; the farinograph;
the data following the expended trend which was not in evidence with the
prototype model.
However, the similar problems:preseilted ..themselves particularly
with the creeping of dough between the cover- plate and the walls of the
receptacle during the multicyclic operation of the instrument; with the
more sensitive system, this became a significant variable.
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With the adhesiveness factor playing a significant role in
the twisting of the dough cylinder, the determination of a rheological
characteristic was approached from another aspect since none of the
corrective measures proved to be satisfactory. It was apparent to
the author that continuation of the research along the lines previously
taken would only be imposing conditions which are beyond the
capabilities of the prototype instrument.
From the experience and information derived from the design
and construction of the cantilever sensing cell, a larger sensing
system (see Fig.9 and 10) was designed with the addition of some
minor improvements. The position of the sensing system was changed.
Instead of the transducers being on the rotating mechanism of the
modified Rheometer, the new sensing plate became the stationary plate
to which, various pins and plunger s could be attached. The strain
gages used were of the SR-4 CD-7 type. The reasons for these
modifications are as follows: 1. By placing of the sensing plate on
a stationary platform, the vibrations and noise from the mechanical
drive system would not be detected by the sensitive strain gages.
2. Use of the dynamic CD-7 strain gages permitted the use of higher
voltages ranges, i.~. 0-30 volts fox the tension and compression
gages on the cantilever beam; the higher gage factor allowed for greater
sensitivity to the bending moments of the cantilever for any given
stress. 3.. The larger cantilever beams were necessary because of the
size of the SR-4 CD-7 strain gages; with the increased sensitivity, the
beams, could be made stronger so as to prevent permanent distortion
of the metal to excessive forces. 4. The strain gagtBwerefree to
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dissipate any heat produced during the operation of the modified
Rheometer since air is allowed to circulate freely; protection against
contamination of the dough is afforded by the circular plate attached
to the free ends of the cantilever arms. 5. Various types of pin
and bobbin assemblies can be easily attached to the circular plate,
removed for cleaning, or interchanged without disturbing the sensing
system.
With the sensing plate mounted permanently to the upper portion
of the system, the brass holder was constructed to lock the lucite
cups in place during the operation of the modified Rheometer. The
reason for not attaching the. cups directly to the drive shaft was to reduce
the scoring of the drive shaft by continued removal of the cups for
cleaning. The cup holder remains permanently mounted.' The a~vantages
of the brass holder are: 1. ease of removal of the cups; 2. manipulation
of the locking screws permits the proper centering of the cup in relation
to the above sensing plate and 3. various types and sizes of cups can
be interchanged.
No provisions were made to control the temperature of the dough
in the cup, since the turbulence in the cup by the pins is not suffic ient
to introduce new surf~ces to a cooling medium. Circulation of cooled
or heated water through a jacketed cup would require a more intricate
design under the present circumstances. Also, because of the relatively
poor thermal conductivity of flour dough, it would be difficult to maintain
a gi ven temperatur e throughout the dough.
The change over to a simple Wheatstone bridge feeding directly
to a Houston XY recorder was prompted by difficulties associated with
the use of a Polaroid Land camera in photographing the trace on the face
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of the oscilloscope. Some of the problems encountered '\vere the time
delay between pictures preventing a rapid succession of determinations
and the measuring of the trace on the photograph with the planimeter
was time consuming. Use of the XY recorder permitted the investigator
to obtain a permanent record on graph paper along with measuring the
instanteous changes in the flour dough during the shearing action of
pin~ of bobbins. Another advantage of the use of an XY recorder is the
control of the rate of travel of the pen on the X axis. The Houston
Time Base unit can supply varied millivolt signals into the X axis
causing the pen to travel the full distance in less than 5 seconds upto
60 minutes. This flexibility in the scanning rate can be beneficial in
determining rapid changes in the forces obtained from the modified
Rheometer.
The cup and plate system No.5 was designed to determine the
resistance of the do'ugh to shearing by brass pins. The principle of
pins used in mixing a flour dough was first adopted in the Swanson
and Working Mixograph (1933). The purpose of the pins is to pull and
fold the dough back and forth dur ing the operation of the modified
Rheometer. The pins on the top plate are located in a straight line;
the 4 pins in the cup are placed in a diamond pattern. The purpose of
the diamond pattern .was to prevent furrowing of the dough by the pins.
The pins closer to the periphery travel equidistant to the upper pins;
the pins closer to the center barely clear the upper pins. The action
of the first set of pins is to push the dough through the upper pins, 900
later the other set of pins push another layer of dough between the upper
pins. After one 3600 rotation of the cup, the cup is reversed and the
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two layers of dough are mixed, folded and pulled back, thus preventing
the furrowing and insuring some turbulence in the cup. The centering
pin, -which fits into the center slots of the upper plate and cup allows
for proper centering of the cup pins in relation to pins of the upper
plate, thus all pins are in their proper relation to each other.
The shearing force of dough us ing the cup and plate No.5
assembly appeared to produce measurable rotation of the top plate.
The first series of experiments dealt with the effect of variable shear
rates on Washburn Special, White Flyer and King Arthur's All
Purpose flours. The first two are standard patent flours; the gluten
is considered to be strong while the King Arthur's All Purpose flour
is made from Kansas wheat which does not have the strength of other
two flours despite the fact that all three flours have approximately the
same protein content. It can be seen from Fig. 21 that for a dough made
from Washburn Special, the resistance to a shear force varies with
the rate of shear or the speed of the oscillatory motion of the cup.
Similarly, this relationship holds for the other flours tested (see
Figs. 22 and 23). It can also be noted that the slopes of the lines at the
higher shear rate, are steeper thanfor tJ1e lower she~r rates. The
destruction of the protein network within a particular flour appears
to be more rapid wi~h the higher rates of shear.
It appears from the curves for the Washburn Special and White
Flyer doughs that the change in the resistance with time decreased
less rapidly than the curve obtained from the dough made from the
King Arthur's All Purpose flour. The White Flyer flour has a slightly
stronger and higher protein content which would seem to be born out
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in comparing the higher values at various shearing rates with the
Washburn Special and King Arthur's All Purpose flours. The force-
time curves with the largest negative slopes occurred in the doughs
made from King Arthur's All Purpose which would seem to indicate
that the resistance of the dough to shearing diminishes rapidly and
that the gluten does not have suffic ient strength to withstand additional
shearing forces after the maximum development point had been reached.
All purpose flours are generally made from the softer Kansas wheats
and are considered to be poor bread flours because the gluten is
sensitive to over mixing and machination. The flour is mainly designed
for the housewife for her many different uses. Actually, a good loaf
of bread can be made from these flours provided the proper conditions
and precautions are maintained.
The doughs made from the Washburn Special and While Flyer
flours appear to possess more resistance to shearing as shown by the
gradual negative slopes of the force-time curves. The bread baking
characteristics of these flours are rated as good; the quality of the protein
can be said to be strong.
Comparison of the resistance of doughs made from All Trump's
White Flyer, Washburn Special, King Arthur's All Purpose and
Softasilk flours to shearing forces (seeFigs 24 and 25) appear to indicate
the following: 1. All Trump's flour dough has highest initial resistance
to shearing than the other flours tested; Softasilk having the least;
White Flyer and King Arthur's All Purpose flour doughs having a higher
initial resistance to shearing than the Washburn Special. 2. The rate of
change of the resistance to shearing is similar in All Trump's, White
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Flyer and Washburn Special flour doughs and differ from the King Arthur 's
All Purpose and Softasilk flour doughs which exhibit a more rap'id rate
with time. 3. The relationship between the five flours at two shear rates
is similar.
It appears that the quantity of protein of a flour is the main factor
in the difference in the initial resistance of the dough to shearing, despite
the fact that all doughs had a consistency of 500 B. U. obtained from the
farinograph before being tested in the modified Rheometer. The resistance
of the dough for the first minute of shearing'is not included in the curves
because in placing the dough ball in the cup, the dough does not fill the
cup uniformly; pressing or packing of the dough would change the
characteristics by adding work to the dough. Thus, by allowing the cup
to rotate for the first niinute, an even distribution of the dough in'the
cup is effected. The use of the lucite cup permitted the observation of
air spaces in placing the dough in the cup. Consequently, the first
resistance measurement of the dough to shearing is determined at a pamt
which is not the true resistance to an initial shear force. However, there
does appear to be measureable differences between the five flours after
the first minute of shearing.
The slope of the fore e-time curve appear s to be an indication of
the strength of the flour protein since the curves obtained from the
weaker gluten flours (King Arthur' :s All Purpose and Softasilk) have a
greater change in the res istance to shearing with time than do the stronger
bread flours. The force-time curves obtained from flour dough made
from Washburn Special and White Flyer flours prepared in the farinograph
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at different mixing times indicate the following:
1. The resistance of the flour dough to shearing is maximum
during the early stage of mixing and at the maximum development
of the dough determined by the farinograph.
2. The resistance of the gluten to a shearing forces after the
maximum development point has been reached is a function of
the time of overmixing.
In order to determine whether the maximum development time as
determined by the farinograph was a true indication of the condition of
the gluten, a profile of the resistance of the dough to shearing forces
for the different mixing times was determined. It may be seen in
Figs.27 and 28 that the maximum resistance to shearing occurred after
2 minutes of mixing the flour and water. The reason for this may
be due to incomplete "dispersion and hydration of the flour. After the
early stages of hydration, the initial resistance dropped sharply, increased
to a maximum then decreased rapidly for the over developed doughs.
Thus, it may be seen that for the ~ixing times used, the maximum
resistance of a dough to shearing forces, after the initial dispersion of
water has taken place, occur s when the maximum development point
indicated by the farinograph is reached.
Also, it was apparent from the slopes of the curves, that for
under-deve1c;>ped and over-developed doughs, the resistance change
with time is not as marked as with doughs mixed to their maximum
development. In the case of the under-developed doughs, the gluten
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strands may resist the shearing forces better than the oriented gluten
fiber found in doughs mixed to their maximum development point. With
over-developed doughs, the small ~hange in the resistance may indicate,
the partial or complete destruction of the gluten network.
The effect of changing the rotational travel rotational of the pins
from 3600 to 1800 was attempted for White Flyer flqur dough in order
to determine whether the resistance of the dough to ales ser displacement
of the dough by the pins is changed. For the different shear rates,
(see Fig. 28) the trend appears to be similar. No further research was
done along these lines because some visible air spaces remained in the
bottom of the cup after 5 minutes of cycling thus, uniform
distribution of the dough was not achieved. Allowing the flour dough
to flow in the cup for 30 minutes remedied this difficulty but since the
time of handling the dough after removal from the farinograph ~as fixed
in previous experiments, this approach was abandoned.
With the. stationary sensing plate (see Figs. ~ and 10) having
provisions for attachment of other cup and bobbin assemblies, the
design and construction of a finned cup and bobbin was undertakin to
determine whether other information, having rheologica~ .significance,
could be obtained. (see Figs. 14 and 15) The purpose for this particular
arrangement is as follows: 1. the crescent fins of the cup engage the
dough forcing it aganist the upper finned bobbin causing it to rotate which
activates the strain gages; 2. the three concave faces of the bobbin
allows the dough to travel into an expanded section of the cup preventing
103
excessive ripping since the clearance between the crescent and bobbin
fins is 3/ 16 inches. 3. the fore e applied in determ ining the rOesistanc e
of the dough is of a different nature, being a more gentle action.
The preliminary investigation included 2 bread flours; the
particular flours and maximum development times were chosen on the
basis that the adhesiveness of a dough would have a negligible effect
on the determinations. The resistance of the flour doughs with time to
this particular type of force appear to decrease; the trend being similar
to that obtained from the cup and pin assembly No.5.
Another exploratory experiment was performed on White Flyer
flour dough mixed to its maximum development in the farinograph in order
to determine the possible application of the finned cup and bobbin
arrangement to relaxed doughs. During the resting period in the incubator,
the flour dough is said to be relaxing. Actually, the dough is undergoing
a change; the stretched protein strands tend to return to their original
state, thus, the elastic modulus increases. Consequently, it may seen that
the res istance to a force would be greater with a relaxeod flour dough
where the elasticity of the protein is higher than one which is structurally
fatigued.
The resistance of the dough to a force appears to be a function of
the relaxation time. The standard procedure for determining the resistance
of the dough to extension is the relaxation of the dough for 45, 90 and
135 minutes in the Brabender Extensograph. (see Table VI and Appendix 1. )
An early determination of the relaxation rat~ of a dough would be
beneficial to the investigator from a standpoint of time. Further experimentation
is indicated before any definite conclusions can be made "as to the utility
of this technique in determining the relaxation data of flour doughs.
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C. STRAIN GAGE MODIFICATION OF THE BRABENDER
FARINOGRAPH
The objective in designing and constructing a strain gage sensing
plate was done primarily to determine the feasibility of u'sing an
electrical input transducer in evaluating the mixing characteristics
of a flour dough. Because of the versatility inherent in any electrical
system, the modification made on the farinograph appears to demonstrate
several advantages, which will be discussed.
The force-time curve or rheogram obtained from the strain gage
sensing system closely parallels that recorded by the dynamometer.
(see Fig. 5) Actually, the curves demonstrated in Fig. 5 are the result
of a damped output from the strain gages. The undamped ,signal appeared
as a wide band which is similar to the band widths seen on a farinogram.
With Wheatstone bridge voltages in excess of 18 VDC, each turn of the
mixer blades caused full scale deflections on the XY recorder indicating
extremely high sensitivity. Reduction of the band width so as to record
a very narrow curve, necessitated the 1500 microfarad, 50 VDC
capacitor placed acros s the input of the Houston XY recorder. The
capacitor de€reased the sensitivity somewhat, but increasing the bridge'
voltage. diminishes this effect. The voltage range of the strain gage
sensing system is 0-60 volts. For the mixing of flour dough, a 24 volt
bridge appeared to produce a satisfactory response in most of the
preliminary experiements.
It can be seen from Fig. 37 that there exists a linear relation
between the values obtained from the dynamometer and the strain gage
sensing system. Consequently, the modification of the farinograph appears
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to be equally successful in recording the mixing charact~ristic.s of a
flour dough.
One of the more apparent advantages in using the signal from
an electrical transducer is conversion of the output by means of various
electronic systems into a factor which is an expression of an equation
describing the rheogram; any of the terms of the equation being used
to activate a servo-mechanism. A method for the formulization of the
farinogram which is applicable to the rheogram obtained from the
strain gage modification has been derived by Bailey (1940). The equation
n -ct fk = At e or log k = log A nlog t - ct represents any farinogram or
rheogram where t is the time in minutes, k is consistency in Brabender
units and A, nand c are empirically determined constants. From the
equation, the consistency or time of mixing of a flour dough can be
predicted and controlled during the mixing operation.
A mor e simple and informative us e of the electr ical signal from
the strain gages would be in the expression of the rate of change of the
consistency per unit time by means of a differentiator circuit. In a
normal farinogram or rheogram, the slope of the force-time curve changes
continuously until the maximum development time is reached in which case
the slope is zero. The signal from the differentiator can be used to
feed a servo-mechanical system which would lend itself to the automatic
control of proper mixing times and ingredient addition.
Another advantage of this modification' is the reduction in the size
of the farinograph unit. Instead of using a large dynamometer attached to
cantilever system, scale, and kymograph, a much smaller 1/8 horsepower
motor could used to drive the mixer blades; a more compact sensing
system and a strip chart recorder, either of the type used in the experiments
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or a more versatile unit, could replace the existing rec'ording .section
of farinograph. The entire cost and size of the instrument could be
significantly reduc ed.
The ease of standarization of the instrument can be performed
accurately. The accepted method for standardizing each farinograph
is to determine the mixing characteristics of a standard flour in one
standarized farinograph. The present method appears to be adequate
but a precision made sensing cell, calibrated, easily available and
portable from one central agency would facilitate the standardization
all farinographs.
With expansion of the time axis, differences in the slopes of the
initial portion of the force time curve can be obtained. It can be seen in
Fig. 38 that two flours prepared in the farinograph both mixed at their
optimum watef absorption and maximum development time have different
curve characteristics in the early stages of the hydration of the flour.
This mayor may not be significant but it does point a way for
predicting whether the water added to the flour is adequate to obtain a
consistency of 500 B. U. at the maximum development time early in the
mixing stage, provided a previously determined family of curves were
a vailable for the spec ific flour. In a large commerc ial installation where
literally hundreds of quality control checks are made daily, the water
absorption of a particular flour could be evaluated in a matter of a
few minutes instead of the lengthy moisture determinations and series
of farinographic runs neces sary to obtain this information.
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VII. SUMMARY AND CONCLUSIONS
This investigation into some of the rheological aspects of flour
dough has been concerned with the design, construction evaluation,
and modifications of a Strain Gage Flour Dough Rheometer for studying
-
the complex nature of flour and water suspens ions prepared under constant
conditions in a Brabender Farinograph. The prototype model of the
Rheometer attempts to determine the torsional forces involved in
cyclic twisting of a cylinder of flour dough by a finned drive plate;
the resistance of the dough activating the SR-4 strain gages mounted
on the drive shaft.
The first prototype instrument was inadequate in the following
respects: 1. the finned plates did not adequately engage the dough
cylinder, thereby allowing the dough to slip across the fins; 2. adhesive-
ness, an inherent property of the dough, which varied with the quality
and quantity of the gluten and the mixing time, appeared to be a
variable which cannot be eliminated or controlled and 'which affected
the evaluations of the torsional forces involved in twisting the dough
cylinder: 3. the position of the strain gages on the drive shaft did not
allow proper evaluation of the torsional forces involved during the
twisting operation; 4. the amplifier and power supply of the prototype
Rheometer was not adequate in modifying the output signal from the
strain gages.
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Since the minor modifications of the drive plate .mechanism and
plastic coating, to prevent the dough from adhering to the sides of
the receptacle, did not correct the problems associated with slippage
and adhesiveness of the dough, thus necessitating a complete redesign
of the input and output transduc er s and amplifier s along with several
basic modifications in the dough receptacles and sensing plates which
permitted a study of some of the torsional forces involved in shearing
doughs made from several commercially available flours of known
baking quality. These modifications consisted of:
1. Brass wing finned drive plate
2. Cantilever sensing cell
3. High gain twin amplifiers and power supply
4. Strain gage stationary sensing plate
5. Vertical pins-cup and plate assembly No.5
6. Finned cup and bobbin as sembly No.6
7. Wheatstone bridge; 1000 ohm legs and null balancing
potentiometer s
8. Houston XY recorder and Time Base attachment
The cantilever strain gage sensing arm principle found in the
smaller sensing cell and the stationary sensing plate appeared to be
sensitive to forces imparted by the resistance of the dough to thin
brass pins and a finned bobbin during the cycling action of the modified
Rheometer.
From experiments determining resistance of the Flour dough
to a shear force in the modified Rheometer using the cup and pin
assembly No.5, the following conclusions were made:
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1. The resistance of dough to a shearing force varies
directly with the rate of shear for anyone particular flour;
2. The resistance of the dough to a shearing force appears
to be directly proportional to the quality and quantity of the protein
in the flour;
3. The resistance of the dough to a shearing force decreases
with over development of the gluten; the quality and quantity of the
of the gluten appear s to determine the slope of the curve.
The rheograms obtained from the modified Rheometer using the
finned bobbin and cup assembly No.6 indicate the following:
1. The resistance of the dough to a more gentle shear force
provided by the finned bobbin and cup varied directly with the rate of
shear;
2. The resistance of the dough to a shearing force varied
directly with relaxation time.
From the above conclus ions concerning the modified Rheometer,
several factors relating the torsional forces derived from the
rheogram are indicative of (1) the strength or condition of the developed
or over developed gluten as a function of mixing time and (2) the
tolerance of the dough to shear force over a specified time.
A Strain Gage Flour Dough Rheometer has been developed and
modified to study some of the rheological characteristics of flour dough
and has been compared with conventional testing equipment using flour s
.of known baking characteristics. This instrument possesses the
following advantages:
1. The rheograms obtained from the strain gage stationary
sensing plate provide a more sensitive index of the resistance of the
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flour dough to shearing forces than do existing test instruments.
2. Using the strain gage sensing plate a wider range of
torsional forces can be measured, permitting the investigator more
flexibility in determining the rheological characteristic s of the flour
dough.
3. The results obtained from the modified Rheometer yield
a more accurate and more rapid indication of the st~ength of the
gluten during the mixing operation of the flour dough. Moveover,
an index of the structural relaxation of the dough can be determined
on the same sample without further handling of the dough.
4. The determination of protein strength of a particular flour
dough can be reproduced from samples made of different times whereas
this cannot be easily achieved with existing instruments.
5. The effect of continued shearing of the dough at different
shearing rates can be measured after the critical maximum development
time has been reached. This cannot be done when other test devices
are used.
6. The use of an electrical transducer permits the incorporation
of t~e output signal into recording transducers and servo-mechanical
systems which demonstrate the condition of~the gluten to mixing and
further machination of the flour dough and activate controllers to either
correct the deficiency of the insufficient flour, water or other necessary
ingredients of dough or stopping the entire production line.
7. Ease of operation, cleaning and interpretation of results
permit the use of the modified Rheometer by nontechnical personnel.
The modification of the Brabender Farinograph by the addition
of strain gages and associated electronic equipment was accomplished
without disturbing the mechanical sensing system of the instrument.
From the data obtained simultaneously by the strain gage sensing plate
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and the dynamometer, linear relationship between the outputs of the
electrical and mechanical transducers has been demonstrated.
The pos sible advantages of us ing an electrical transducer
are: 1. the recording of the signal, by means of auxiliary electrical
circuits, converted into values other than the force units usually used
to express the mixing characteristics of flour dough; 2. the use of the.
signal to activate or control servo-mechanisms which may now open
new avenues for the automation of the mixing operation of flour doughs.
The differences in the slopes of the expanded portion of the
hydration curves obtained by the strain gage sensing plate attached to
the farinograph indicate the possibility of a rapid determination of the
water absorption of a flour early in the initial stages of the mixing
operation, particularly in a quality control program in a large
commercial bakery.
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VIII. RECOMMENDATIONS FOR FUTURE RESEARCH
The following recommendations are made for future research
in this area as a result of this thesis using the modified Rheometer.
1. A temperature regulating system should be constructed
to control any possible thermal effects on the flour dough during the
operation of the instrument.
2. Provisions for controlling the relative humidity with
the system should be adopted to prevent the flour dough from 10sing or
gaining moisture.
3. Refinement of the entire mechanical portion should be
undertaken to make the instrument more easily portable and compact.
4. Exploration of different design cups and sensing plates
in order to assess other rheological characteristics.
5. Evaluation of the modified Rheometer in determining the
rheological behavior or characteristics of foodstuffs such as purees and
other viscous materials.
6. Evaluation of rheological changes occurring in fermented
dough from the time of mixing to the final stage of handling prior to
baking.
7. Evaluation of the torsional forces involved in determining
a rheological characteristic of a wider range of bread flours.
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8. Investigation of the modified Rheometer as a possible
measuring system in determining the rheological condition of the
flour dough in continuous process which is now becoming prominent
in the baking industry.
From the results obtained using the strain gage sensing plate
attached to the Brabender Farinograph, the following studies are
recommended.
1. Introduction of an amplifier to increase the sensitivity
of the system in order to determine the fine structure of the mixing
curves which may yield a further insight into the development of the
flour dough.
2. Use of the newest HTM Mono-filament Strain Gages in
determining the stres s- strain relationship during the mixing operation
of the flour dough. The advantage of these gages appear to be the size
which is significantly less than the standard SR-4 strain gages. These
may be placed directly to the sigmoid blades in various rosette patterns.
These strain gages have ideal thermal properties for this type of work.
3. Attachment of strain gages to the large commercial
mixers and correlation of the mixing characteristics with the force time
curve obtained in the modified farinograph, would be of interest and
utility in the early evaluation of the optimum water absorption, maximum
development time and mixing tolerance index by a laboratory instrument
in setting specifications.
4. Exploration of the use of electrical transducer output in
servo-mechanical systems, in controlling unit operatiol).s in the large bakery.
HTM Mono-filament Strain Gages is a single strain sensitive filament,
unique in construction; can be used at elevated tempe;ratures and
..eliminates transverse sensitivity
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A. FARINOGRAPH
APPENDIX I'
METHODS OF ANAL YSIS
(Johnson et aI, 1946) (Geddes et al 1940)
(Brabender, 1932) (Bailey, 1940)
1. Adjustment of Farinograph: with the help of the spirit level
mounted on the base plate, adjust the horizontal position of the latter by
means of the four foot screws. Then fix the foot screws by means of their
locknuts. Adjust the scale- head pointer to the zero position of the dial
by changing the position of the threaded balance weights when the instru-
ment is running at fast speed with the mixer empty. Make final writing
arm adjustments with knurled screw on the left side of scale head shaft
so that scale-head pointer and writing pen give identical readings.
Make certain the chart paper runs exactly horizontal. Two small
plates on spring loaded hinges at the front of the recording device operate
as quides for the paper and may be swung open to make this adjustment.
The damping device should be adjusted only after the oil in the
damping chamber has been operating for at least one hour, and after
moving the damping piston up and down several times. The adjustment
is made as follows: Raise the dynamometer lever arm until the scale-
head pointer indicates 1, 000. Release the lever arm and measure with
a stopwatch the time required for the pointer to go from 1,000 to 100 on
the scale-head. This should be somewhere between 0.6 and 0.8 seconds.
The damping adjustment controls the band width of the farinograms. To
obtain a wider damper opening and a quicker movement of the scale-head
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pointer and thus a wider curve, the adjustment screw is turned in a
counter clockwise direction. Opposite adJustment produces a narrower
band. A band width not in excess of 80 Br,abender units is recommended.
To keep a constant control of the band width, the damper is fully closed,
then turned four complete revolutions and kept there daily.
Three sensitivities are provided by alternative positions for the
linkage between the dynamometer lever arm at the top of the machine,
and the scale head lever arm below the base plate. The normal position
for the linkage toward the back of the machine provides the least sensi-
tivity and is used mainly for bread flours.
The titrating buret should be cleaned periodically with a solution
made from ten parts of concentrated sulphuric acid to one part of saturated
potass ium dichromate. The buret is filled with this solution and allowed
to stand overnight. After draining the buret, it is rinsed repeatedly with
tap water and given a final rinse with distilled water.
2. Farinograph Operation: the thermostat and circulating pump
should be turned on one hour prior to using machine. The temperature
of the circulating water should be 30°C. and should not fluctuate more
than 0.5 aC.
The flour is added to the bowl, the pen point is set at the 9 minute
mark on the graph and the mixer is started and run at high speed with the
dry flour for one minute until the zero line is reached on the graph. At
this instant, the distilled water from the buret is added as quickly as.
possible at the right front corner of the mixing bowl. All the water must
be added within 20 seconds after the stopcock is opened. The sides of the
116
bowl are scraped down with a rubber spatula in a counterclockwise
direction. When this is done the cover glass is placed over the opening
to prevent evaporation. The mixing operation is allowed to run for
twenty minute s .
At the completion of each test and while the machine is running,
add to the bowl dry flour to make a stiff dough with a consistency of from.
800-900 Brabender units within a minute of mixing with the dough. The
mixing bowl is removed and the dough discarded. All adhering particles
must be cleaned away. The bowl and the blades are washed thoroughly
and rinsed with distilled water and then dried. No chemical cleaners
should ever be used. The mixer bowl is then allowed to come back up to
temperature for at least 15 minutes.
B. CONSTANT DOUGH WEIGHT PROCEDURE (A. A. C. C. 1957)
From the moisture content of the flour, the absorption of the flour
is corrected to a 1410 moisture level. From tables provided in the manual,
the water and flour should amount to 480 grams when added together. If
there is any adjustment of t,he water added, so must the flour be similarly
handled keeping th~ final weight of the two at 480 grams.
C. PROTEIN ANALYSIS
The method for determining the protein content of the flours used
was taken from the Official Methods of Analysis of the Association of
Official Agricultural Chemists, seventh edition, 1950. The nitrogen was
determined as directed under Sec. 2.22, p. 12 and the percent nitrogen
multiplied by 5.7 to obtain percent protein as directed in Sec. 13.33, p.202.
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D. MOISTURE DETERMINATION
The method for determining the moisture content of flour was
obtained from the Association of Official Agricultural Chemists. Official
and Tentative Methods of Analysis, eighth edition, 1955, Sec. 13.4, p.209.
E. EXTENSOGRAPH
The procedure was obtained from manual supplied by the Brabender
Corporation of Rochelle Park, New Jersey.
The pressure thermostat and circulating pump from the water bath
controlling the temperature of the farinograph is used is a similar manner
to regulate the temperature within the incubation chamber in the extenso-
graph. All the vital parts of the device are brought up to 30°C. and
ordinarily takes one hour. Water is added to the central troughs of the
three dough trays to insure sufficient humidity in the cabinet at all times.
The dough to be tested is prepared in the farinograph. In general,
it is recommended that the dough be mixed until it has reached its maximum
development.
When the mixing in the farinograph is completed, 150 grams of
dough are scaled off and placed into the dough molde-r, cutting the dough
with a pair of scissors will expedite the scaling process. The toggle switch
is activated and the molder plate rotates 20 times automatically. This
presumably makes the dough more homogenous.
The cover plate is taken off the molder, the molder lifted and the
dough ball is taken off the plate. The rounded dough ball is then placed
in the center of the dough roller and the toggle switch is activated. The
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dough comes out of the other side of the roller in the form of a sausage
which is then placed in the holder and clamped at both ends t and put into
the incubation chamber. This is done in duplicate. The three chambers
permit three duplicate samples to be stored at the same time. One set
of samples are allowed to relax for 45 minutes while the others are
relaxed for 90 and 135 minutes.
After the relaxation period has elapsed, the dough holder containing
the cylinder of dough is placed on the dough scale and the switch turned
on. This starts the dough hook traveling downward; when the dough is
reached, a microswitch is activated and in turn the strip chart motor
causes the traveling of the chart paper. The hook then engages the dough
pulling it downward until the dough is torn, at which case the dough scale
returns to its zero position; the test is over.
Periodic calibration of the unit is necessary to check whether the
balancing weights have moved slightly. This is done by suspending a five
hundred gram weight to the dough scale and reading the value off the strip
chart which should be also 500.
Care must be taken handling the dough, since even moderately
rough treatment can change the characteristic s of the dough piece. Dusting
flour should used sparingly. Dough which rips in the rounder or molder
should be discard-ed.
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APPENDIX II
A. INTERPRETATION OF FARINOGRAPH CURVES
The farinogram is a graphical representation of the mixing be-
haviour of a wheat flour. Numerous methods have "been devised for
interpreting them and for calculating from them several values which
help to characterize wheat and flour types.
It is universally agreed that absorption is the amouht of water
in percent required to produce a dough with a consistency of 500 B. U.
(Brabender Units). Values other than absorption are frequently derived
from the farinogram. In accord with the most recent sugge:Stions from
the American Association of Cereal Chemists, the values described
below should be computed as follows:
1. MAXIMUM DEVELOPMENT TIME
This is the interval to the nearest 1/ 2 minute, from the
first addition of water to that point in the maximum con-
sistency range immediately before the first indication of
weakening (this value has also been referr ed to as Peak
or Peak Time).
2. MIXING TOLERANCE INDEX
a. This value, frequently abbreviated as 'II M. T ..I. II )
is the difference in B. U. from the top of the
curve at the peak to the top of the curve measured
at five minutes after peak is reached.
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b. A related measurement called DROP-OFF
refers to the difference in Brabender units
from the 500 line to the center of the curve
measured at 20 minutes from the addition
of water.
3. STABILITY
This is defined as the time difference to the closest 1/ 2
minute, between the po~nt where the top of the curve first
intersects the 500 line {arrival time} and the point where
the top of the curve leaves the 500 B. U. line (departure
time).
B. EVALUATION OF AN EXTENSOGRAM
The individual factors which are read off the extensograms
to characterize the extensibility are:
A. Energy: The area in cm 2 outlined by the curve
indicates the total force used in stretching the dough.
B. Resistance to extension: This factor is measured
as the height of the curve in extensogram units after
50 mm stretching; it indicates the force opposed to
stretching of the dough.
C. Extensibility: This is the length of the extensograms
base in mm, and indicates the stretchability of the
dough.
D. The resistance divided by extensibility serves to
characterize the stability, boldnes s and potential
baking volume of the dough.
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The energy. value indicates the general strength which can be
expected of the flour under test. High energy values mean strong,
elastic doughs having g<?odworkable .properties whereas low energy
values mean weak, pasty doughs tending to deteriorate rapidly during
fermentation.
Flours with low energy values should be used for producing
quick, firm doughs ~ High energy flours, having good fermentation
tolerance, should be used for the products requiring long fermentation
periods and elastic doughs.
The ratio figure in combination with energy, indicates the boldness
and stability of the dough during fermentation. Flours with a low ratio
figure quickly become soft and flowy on fermentation. If the ratio
figure is too high it indicates that resistance to stretching is excessive
and that the doughs will be bucky and short. They tend to become tight
and produces uneven textures. It is mainly the energy and ratio figures
which are used to characterize the extensibility of wheat flour doughs.
Other factors being equal, the ratio figure will depend in the natural
ag~ of the flour and the amount of maturing agent used by the miller.
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